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Even wi th  t h e  r e c e n t  i n t e r e s t  i n  s y n t h e s i s  gas  chemis t ry ,  t h e  mechanisms of t h e  
v a r i o u s  r e a c t i o n s  and t h e  r o l e  t h e  c a t a l y s t  p lays  has  y e t  t o  be  unequivoca l ly  
e s t a b l i s h e d .  A review of t h e  r e s e a r c h  work Carr ied  o u t  t o  e l u c i d a t e  t h e  r e a c t i o n  
mechanisms does not  y i e l d  c o n s i s t e n t  conclus ions  i n  s p i t e  of t h e  g r e a t  e f f o r t s  o f  
many i n v e s t i g a t o r s  and t h e  use  of many d i f f e r e n t  s c i e n t i f i c  t o o l s .  A comparison of 
r e a c t i o n  r e s u l t s  does not  make i t  probable  t o  assume b a s i c a l l y  d i f f e r e n t  r e a c t i o n  
mechanisms f o r  d i f f e r e n t  c a t a l y s t s .  The s u b t l e  d i f f e r e n c e s  noted should  show 
g r e a t e r  p o t e n t i a l  f o r  i n t e r p r e t a t i o n  but  p r e s e n t  t h e o r i e s  f a l l  s h o r t  of provid ing  a 
u n i f i e d  p i c t u r e  capable  of e x p l a i n i n g  OK p r e d i c t i n g  c a t a l y s t  behavior .  

Although seemingly u n r e l a t e d , a l l  c a t a l y z e d  hydrogenat ions of carbon monoxide 
have under ly ing  s imilar i t ies  which sugges t  t h a t  a common r e a c t i o n  i n t e r m e d i a t e  may 

key i n t e r m e d i a t e  in t h e s e  r e a c t i o n s  and may r e p r e s e n t  a l i n k  i n  t h e i r  c h e m i s t r i e s .  
b be involved.  A s u r f a c e  oxymethylene (oxygen-coordinated formaldehyde) may be t h e  
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We have p r e v i o u s l y  p r o p o s e d ( l ) t h a t  t h e  metal c a t a l y z e d  r e a c t i o n s  of s y n t h e s i s  
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oxygen coordfna ted  s p e c i e s .  This  oxymethylene i n t e r m e d i a t e  can be hydrogenated t o  
methane o r  can  undergo cha in  growth by r e a c t i o n  wi th  s i m i l a r  s p e c i e s ,  t h u s  generat-  

1 ing  s t r a i g h t  c h a i n  products  i n  an analogous manner t o  o t h e r  proposed t h e o r i e s ,  and 
would account  f o r  t h e  presence  of  oxygenated products .  One can e n v i s i o n  t h i s  bond- 
ing  scheme as a l lowing  m o b i l i t y  of "an oxide s u r f a c e  carbene". Bond s t r e n g t h s  of  
metal oxides  and t h e  oxida t ion- reduct ion  c y c l e  of t h e  metal s u r f a c e  are c r i t i c a l  
f a c t o r s  i n  de te rmining  product  c h a r a c t e r  and d i s t r i b u t i o n  ( F i g u r e  1). 
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T h i s  mechanism which i n t e g r a t e s  f e a t u r e s  of t h e  c a r b i d e  and c a r b e n o l  i n t e r -  
m e d i a t e  t h e o r i e s ( 2 )  h a s  been s u c c e s s f u l  in developing a new series of highly 
a c t i v e  Fischer-Tropsch (F-T) c a t a l y s t s .  

The r e v e r s i b i l i t y  between reduced and v a r i o u s  oxid ized  s t a t e s  of t h e  c a t a l y s t  
is an e s s e n t i a l  f e a t u r e  f o r  c a t a l y s t  a c t i v i t y  in t h e  Kolbel-Engelhardt  (K-E) 
s y n t h e s i s . ( 3 ) A c t i v e  c a t a l y s i s  demands some si tes which promote water-gas s h i f t  
a c t i v i t y  and o t h e r  s i tes  which g e n e r a t e  F-T i n t e r m e d i a t e s .  I t  seemed probable  t o  us 
t h a t  t h e  i n t e r a c t i o n  of t h e  water-gas s h i f t  i n t e r m e d i a t e s  wi th  F-T a c t i v e  metal  
s i t e s  could  e x p l a i n  exper imenta l  o b s e r v a t i o n s .  

Spec t roscopic  s t u d i e s  of z i n c  o x i d e ,  magnesia, a lumina,  and iron-chromia ca ta -  
l y s t s  s u g g e s t  t h a t  t h e  water-gas  s h i f t  r e a c t i o n  proceeds through s u r f a c e  metal for -  
mate s p e c i e s . ( 4 ) 0 t h e r  work on t h e  decomposi t ion of  metal  formates  is a l s o  
r e v e a l i n g .  Thei r  decomposi t ion is thought  t o  need vacant  s i tes t o  occur  and is 
enhanced by t h e  presence  of f o r e i g n  metal ions.(5)A b i c o o r d i n a t e d  s t r u c t u r e  can  be 
v i s u a l i z e d  which r e a c t s  by one of t h r e e  pathways. 
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I n  such decomposi t ions,  most i n t e r e s t  i n  t h e  l i t e r a t u r e  has  focussed upon t h e  
dehydrogenat ion and dehydra t ion  r e a c t i o n s  but  t h e  minor r e a c t i o n  which l e a d s  t o  t h e  
format ion  of  formaldehyde became t h e  c e n t e r  of our  a t t e n t i o n .  Although l i t t l e  d a t a  
on t h i s  byproduct and o t h e r  o r g a n i c s  a r e  a v a i l a b l e  and l i t t l e  is known about  t h e  
mechanism involved ,  a p p r e c i a b l e  amounts (- 10%) of formaldehyde a r e  formed i n  formic  
a c i d  decomposi t ions c a t a l y z e d  by t h o r i a ,  a lumina,  and z i n c  oxide .  (6) 

Mechanis t ic  s t u d i e s  a t  Brookhaven N a t i o n a l  Labora tory  (BNL.) i n d i c a t e  t h a t  t h e  
water-gas  s h i f t  formate i n t e r m e d i a t e  may be t h e  impor tan t  t r a n s f e r  agent  in t h e  
Kolbel-Engelhardt s y n t h e s i s  g e n e r a t i n g  t h e  s u r f a c e  oxymethylene i n t e r m e d i a t e  on a 
s e p a r a t e  "F-T" meta l  s i t e . ( f )  
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M' = s h i f t  s i t e  M = "F-T" metal s i t e  

As descr ibed  f o r  t h e  F-T r e a c t i o n  t h e  metal s i te  will determine  t h e  e v e n t u a l  
product  c h a r a c t e r  and d i s t r i b u t i o n  ( T a b l e  1) and may e x p l a i n  t h e  promoting e f f e c t s  
of  a l k a l i  meta ls  i n  F-T c a t a l y s i s ,  i .e . ,  enhanced formate formation.  
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Table  1 
The U s e  of Various Metals  f o r  t h e  Hydrogenation of Zinc Formate 

CuIZnO 11.7 t r a c e  
PtIA1203 11.5 t r a c e  
Pd / A 1  203 22.6 0 .1  
NiISiO2 t r a c e  8.9 
c o / s i o 2  0.1 14.8 
FeIA1203 t r a c e  2.4 

water  as s o l v e n t ,  500 p s i ,  H p ,  245°C. t = mole prodlmol M'  

The l i n k  between metal and metal oxide  c a t a l y z e d  r e a c t i o n  of carbon monoxide 
a r e  a l s o  t i e d  t o  t h e  formate t r a n s f e r  r e a c t i o n .  ( I n  g e n e r a l  metal oxide  syngas 
r e a c t i o n s  proceed v i a  similar r e a c t i o n  pa th  w i t h  methanol a s  t h e  main product . )  

The formaldehyde-formate r e l a t i o n s h i p  l e a d s  t o  a p l a u s i b l e  mechanism f o r  t h e  
formation of  methanol from s y n t h e s i s  gas .  I n  f a c t ,  t h e  h igh  y i e l d  of formaldehyde , ( - 2 5 % )  from t h e  decomposi t ion of z i n c  formate was a c t u a l l y  cons idered  as a commer- 
c i a l  s y n t h e t i c  p r e p a r a t i o n ,  bu t  was never  r e a l i z e d .  However, t h e  r e d u c t i o n  of t h e  
s u r f a c e  formaldehyde (oxymethylene) so produced was l i k e l y  t h e  c o r n e r s t o n e  of t h e  
e a r l i e s t  methanol s y n t h e s i s .  
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0 0  
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A s  can be seen from t h i s  hypothes is ,  each of t h e  meta l  c e n t e r s  i n  a methanol c a t a -  
l y s t  w i l l  have a p a r t i c u l a r  f u n c t i o n .  One meta l  can  be thought  of a s  a formate  
c e n t e r ,  t h e  o t h e r  as a hydrogenat ing c e n t e r . T h i s  d e s c r i p t i o n  of t h e  r o l e  of formate  
has  been used a t  BNL t o  d e s i g n  new K-E and methanol c a t a l y s t s .  

F i n a l l y ,  t h e  oxymethylene s p e c i e s  may a l s o  be involved  i n  t h e  i n i t i a l  hydrocar-  
bons formed from methanol over  non-reducible  oxide c a t a l y s t s .  This  would i n c l u d e  
products  der ived  i n  t h e  i s o s y n t h e s i s ( 2 ) a s  w e l l  as t h e  z e o l i t e  c o n t r o l l e d  methanol  
convers ions . (*) In  both  c h e m i s t r i e s  t h e  format ion  of a carbenoid  s p e c i e s  from metha- 

, n o l  seems l i k e l y .  This  s p e c i e s  may be an oxymethylene formed on a n  a c i d  s i te .  A s  
mentioned ear l ier ,  t h e  oxide  s u r f a c e  would a l low m o b i l i t y  of t h e  carbene  (eq.6)  and 
r e a c t i o n  wih i t s e l f  o r  o t h e r  methanol molecules  would be expected t o  y i e l d  e t h y l e n e  
and dimethyl  e t h e r  r e s p e c t i v e l y .  Carbene a d d i t i o n  t o  t h e  double  bond of formed o l e -  
f i n s  can a l s o  occur .  This e x p l a n a t i o n  is c o n s i s t e n t  w i t h  r e c e n t  d e u t e r a t e d  water  
o b s e r v a t i o n s  i n  t h e  convers ion  of methanol  t o  e t h y l e n e ( 9 )  and is i n  accord with 
t h e  mechanis t ic  f i n d i n g s  of Chang.(g) 

' 

, 
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In summary, we have proposed t h a t  a common i n t e r m e d i a t e  bay be 'involved in many 
s y n t h e s i s  gas  and r e l a t e d  convers ions .  T h i s  oxymethylene moiety can be der ived 
d i r e c t l y  from carbon monoxide and hydrogen o v e r  a metal c a t a l y s t  o r  i n d i r e c t l y  from 
a formate i n t e r m e d i a t e  i n  r e a c t i o n  i n v o l v i n g  steam o r  on metal. ox ide  s u r f a c e s .  We 
b e l i e v e  t h a t  t h e  oxymethylene s p e c i e s  symbolizes  t h e  link between t h e s e  chemis t r ies  
and t h e  p o t e n t i a l  r o u t e  t o  deve loping  new s y n t h e s i s  gas  c a t a l y s t  systems.  
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F igu re  1. The oxide  mechanism.(l)  
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